Exposure to psychological trauma is common and predicts long-term physical and mental health problems, even in those who initially appear resilient. Here, we used multimodal neuroimaging in healthy adults who were at different distances from the World Trade Center on 9/11/01 to examine the neural mechanisms that may underlie this association. More than three years after 9/11/01, adults with closer proximity to the disaster had lower gray matter volume in amygdala, hippocampus, insula, anterior cingulate, and medial prefrontal cortex, with control for age, gender, and total gray matter volume. Further analysis showed a nonlinear (first-order quadratic) association between total number of traumas in lifetime and amygdala gray matter volume and function in the whole group. Post hoc analysis of subgroups with higher versus lower levels of lifetime trauma exposure revealed systematic associations between amygdala gray matter volume, amygdala functional reactivity, and anxiety that suggest a nonlinear trajectory in the neural response to accumulated trauma in healthy adults
Introduction
More than half of the adults in the United States experience one or more psychological traumas in their lifetime (Kessler et al., 1995) . Higher levels of trauma exposure occur in certain subgroups, e.g., those who live in unsafe neighborhoods (Boothroyd and Evans, 2001) , or who are exposed to terrorism (Galea et al., 2002) or war (Bramsen et al., 2000) . Although only a small percentage of these people develop posttraumatic stress disorder (PTSD) (Kessler et al., 1995) , trauma exposure predicts lifetime increases in mental health disorder in the general population (Brown, 1993; Kendler et al., 2003; R. Kessler et al., 1995) . Even resilient traumaexposed individuals are likely to show heightened cardiovascular reactivity to trauma reminders (Tucker et al., 2007) and to have greater vulnerability to PTSD with subsequent trauma exposure (Bremner et al., 1993) . Resilient individuals may also experience cognitive declines (Stein et al., 2002) , altered catecholamine levels (Otte et al., 2005; , more chronic illness later in life, and decreased mean life expectancy (McFarlane, 1997) . However, the neural mechanisms that may underlie the effects of trauma in this population remain unclear.
and medial prefrontal cortex may be especially vulnerable Mitra et al., 2005; Vyas et al., 2002) . In general, uncontrollable stressors have been shown to produce hyperexcitability in the amygdala and increased fearful behavior (Adamec et al., 2005; Maier and Watkins, 1998; Rosen and Schulkin, 1998) . Acute (Mitra et al., 2005) and chronic (Vyas et al., 2002) restraint stress have produced increased anxiety and increased dendritic spine density in the basolateral amygdala. Chronic restraint stress has been shown to produce hypertrophy of the dendritic arborization in the amygdala, accompanied by dendritic atrophy and decreases in spine density in medial prefrontal areas (Radley et al., 2006) and the hippocampus (Vyas et al., 2002) . Severe social stress has produced similar dendritic remodeling in the hippocampus (Blanchard et al., 1993; McKittrick et al., 2000) . In addition, chronic stress may reduce neurogenesis in the hippocampus (Gould et al., 1998) . In general, these stress-induced neuronal changes tend to recover with rest in prefrontal and hippocampal areas (Heine et al., 2004; Vyas et al., 2004 ) but changes to the amygdala (and the accompanying fearful behaviors) seem to be more persistent (Adamec et al., 2005; Vyas et al., 2004) .
The terrorist attacks of 9/11/01 provide a unique window into these processes in humans, because closer proximity to this disaster has been shown to be associated with increased psychological distress (Blanchard et al., 2004; Galea et al., 2002) and increased amygdala activity (Ganzel et al., 2007; Sharot et al., 2007) . In the present study, we measured gray matter volume and functional amygdala activity during passive viewing of fearful versus calm faces (Breiter et al., 1996) in healthy adults who were at different distances from the World Trade Center (WTC) on 9/11/01. We also measured lifetime trauma exposure, state anxiety, and current PTSD symptoms. More than three years after 9/11/01, adults with closer proximity to the WTC had lower gray matter volume in multiple brain regions, including the amygdala. Amygdala gray matter volume was inversely correlated with amygdala response to emotional faces. Lifetime trauma exposure was related to amygdala gray matter volume according to a first-order quadratic, with the slope of the relationship reversing at higher levels of trauma exposure. Analysis of subgroups with higher versus lower levels of lifetime trauma exposure revealed systematic associations between amygdala gray matter volume, amygdala functional reactivity, and anxiety that suggest a nonlinear trajectory in the neural response to accumulated stress.
Materials and Methods

Participants
The study included 36 healthy adults who were either within 1.5 miles of the World Trade Center on 9/11/01 (9/11-exposed) or were living more than 200 miles away at the time and who subsequently moved to the New York Metropolitan area (comparison group). Subjects were screened for contraindications for fMRI and to exclude psychiatric, endocrine, neurological, and other major medical illness (including current PTSD or major depression). People who had friends or relatives on aircraft involved in the 9/11 disaster were excluded, as were those who lived in Washington, D.C., on 9/11/01. Data were collected between 41 and 48 months after 9/11/01. Following optimized VBM analysis, two subjects' data showed mean global gray matter densities > 2 SD from the mean. These subjects were excluded and the VBM analyses were re-run for a sample size of 34; 17 were 9/11-exposed (6 female, ages 29.7 ± 2.0 years [mean ± standard error]) and 17 were included in the comparison group (8 female, ages 29.2 ± 2.3 years). FMRI data from 12 participants were excluded due to technical difficulties with the scanner (n = 8) or rapid head movement > 1mm (n = 4). Subject recruitment continued until an adequate group size for fMRI analyses was obtained, with a comparison group matched for age and sex. The fMRI sample included eleven 9/11-exposed adults (5 female; ages 30.3 ± 2.5 years) and eleven comparison adults (5 female; ages 29.3 ± 1.4 years). There was no difference in age, sex, or group membership (9/11-exposed versus comparison) between excluded subjects and those included in the fMRI data analyses. This investigation was conducted within institutional guidelines established for protection of human subjects. All participants provided informed written consent.
Behavioral assessments
Lifetime incidence of trauma exposure, current PTSD, and PTSD symptoms at worst trauma were assessed using the PTSD module of the University of Michigan Composite International Diagnostic Interview (Kessler et al., 1994) in conjunction with the Life History Calendar methodology (Caspi et al., 1998) . The UM-CIDI is a fully structured diagnostic interview that allows the comprehensive (Breslau et al., 1998; Kessler et al., 1995; ) assessment of current and lifetime mental disorders in the form of the third revised Diagnostic and Statistical Manual for Mental Disorders. The UM-CIDI uses the epidemiological definition of trauma, which does not require experience of overwhelming shock, horror, or fear at time of trauma. Approximately 30 minutes elapsed between time of interview and time of scan. An assessment of current PTSD symptoms was obtained using the Impact of Events Scale (Horowitz, 1979) , a 15-item measure of PTSD stress reactions in the seven days prior to scanning. Assessment of state anxiety was conducted using the Speilberger State Trait Anxiety Inventory (Spielberger, 1973) , a 20-item measure of current state anxiety. Group differences were assessed via t-test using SPSS (SPSS, Inc., Chicago, Ill).
Image acquisition
After a three-plane localizer and a whole-head coronal localizer, a T2*-weighted 2-dimensional anatomical image with a fast spin-echo (FSE) sequence was acquired: TR = 4000, TE = 68 ms, flip = 90°, FOV = 20, 29 slices, 5 mm slice thickness, 0 mm gap, matrix = 256 × 192, axialoblique. A three-dimensional spoiled gradient recalled (SPGR) T1-weighted anatomic scan was also acquired (124 axial slices, TR = 25 ms, TE = 5 ms, flip = 20°, FOV = 24 cm, 1.5mm thickness, 0 mm gap, matrix = 256 × 256 × 160). Functional data was acquired using a spiral in-out sequence (Preston, Thomason, Ochsner, Cooper, & Glover, 2004) and the same spatial prescription as the FSE: TR = 2000 ms, TE = 30 ms, matrix = 64 × 64 mm, 29 slices per volume.
Voxel-based morphometry (VBM) processing and analysis
Structural images were preprocessed for VBM analysis using "optimized" VBM protocol (Good et al., 2001 ) with the VBM toolbox in SPM 2 (Wellcome Department of Neurology, London, UK) implemented in MatLab 7.0. Study-specific T1 gray matter, white matter and CSF templates were created from the 3D SPGR T1 scan from all 34 subjects. These template images were then used for segmentation and normalizations of the original 3D SPGR images for each participant using Montréal Neurological Institute (MNI) templates. Template creation and subsequent segmentation and normalization were performed using default options in VBM toolbox (25 mm cut off, medium regularization, medium HMRF [Hidden Markov Random Field]) weighting for segmentation) with 16 nonlinear iterations. The normalized segmented images were modulated and then smoothed with a filter of 12mm FWHM (full width at half maximum) Gaussian kernel. Individual differences in total gray matter volume were controlled in subsequent statistical analysis. Because of this normalization for mean global gray matter differences, the analyses reported here will detect regionally specific differences within the gray matter compartment rather than large-scale variations (Boddaert et al., 2006) . For whole brain statistical analyses, clusters of significant VBM difference were reported using a p < 0.001 (uncorrected) threshold and a voxel-extent threshold of more than 150 voxels. Normalized, modulated, smoothed gray matter images were analyzed using ANOVA analysis in SPM 2, comparing the 911-exposed group and the comparison group. Region of interest (ROI) analyses of gray matter volume for amygdala and hippocampus were defined using the Wake Forest University (WFU) PickAtlas (Maldjian et al., 2003) . The associations between behavioral measures and the ROI data for gray matter volume were examined using multiple regression analyses performed using SPSS (SPSS, Inc., Chicago, Ill).
fMRI task procedure
Functional magnetic resonance imaging (fMRI) data were obtained in the same session during the passive viewing of fearful versus calm faces within a block paradigm, a standard assay of amygdala responsiveness (Breiter et al., 1996) . Participants viewed gray-scaled pictures of faces of eight actors demonstrating fearful and calm facial expressions in a standardized set of pictures of emotional faces. Details of stimuli and presentation are provided elsewhere (Ganzel et al., 2007) . Order of presentation was counterbalanced across subjects and across runs using the two following sequences: +FC+FC+FC or +CF+CF+CF (where F indicates a block of fearful faces, C indicates a block of calm faces, and + indicates fixation). In each block of faces, 10 images were presented for 4 s each. Fixation blocks were 30s. Total block duration was 330s.
fMRI data analysis
Functional imaging data was preprocessed and statistical analysis was performed using Statistical Parametric Mapping (SPM2: Wellcome Department of Neurology, London, UK) implemented using MatLab 7.0. fMRI data were normalized to the MNI template and spatially smoothed using a 6mm full-width/half-maximum kernel. Individual level analysis was performed using a fixed effects model (Friston et al., 1995) . For each individual, contrast images were constructed comparing each of the block types. These individual-level contrasts served as the basis for group-level random effects analyses (Friston et al., 1995) . A one-way ANOVA was conducted to compare brain activation across groups (9/11-exposed and control) for fearful versus calm faces. ROI's were defined functionally as the voxels found to be reliably activated in the whole-brain analysis of the fearful versus calm contrast at thresholds of p < . 01, with cluster extents of three or more contiguous voxels (Ganzel et al., 2007) . The association between behavioral measures, gray matter volume, and BOLD signal change in the amygdala for the fearful-calm contrast in each ROI was examined using multiple regression analyses performed using SPSS (SPSS, Inc., Chicago, Ill).
Results
9/11-exposed versus comparison group
We found no significant differences via t-test between the 9/11-exposed and comparison groups in terms of age, sex, age at first trauma, years since most recent trauma, number of traumas in lifetime, number of traumas in lifetime with shock, terror, or horror, or past history of PTSD (Table 1) . This was the case with or without the inclusion of two very high trauma subjects in the comparison group (trauma exposure truncated at 30). The 9/11-exposed group experienced their worst trauma more recently than the comparison group: t(30) = 3.77, p = .001 (individuals without trauma exposure were excluded from this analysis). While not suffering from PTSD, this group reported a significantly higher number of current symptoms of PTSD, as measured on the Impact of Events scale (Horowitz, 1979) : t(30) = -2.51, p = .02. "Optimized" voxelbased morphometry (VBM) analysis of gray matter volume 1 showed regional decreases in gray matter in the 9/11-exposed group in multiple areas (Fig. 1, Table 2 ), including anterior cingulate cortex, medial prefrontal cortex, bilateral insula, left anterior hippocampus, and left amygdala. We observed no significant regional increases in gray matter volume in the 9/11-exposed group relative to the comparison group.
Region of interest (ROI) analyses of left amygdala using standardized neuroanatomical masks (Maldjian et al., 2003) confirmed lower gray matter volume in this region in the 9/11-exposed group relative to the comparison group: β = -.50, p = .005, with control for age and sex (Fig.  2) . Time since worst trauma did not contribute significantly to this analysis, nor was there an independent relationship between amygdala gray matter volume and time since worst trauma.
Analysis of both groups together showed that gray matter volume in the left amygdala was significantly and inversely correlated with blood oxygen level-dependent (BOLD) signal change in the left amygdala in response to fearful versus calm faces: β = -. 53, p = .02, with control for age and sex (Fig. 3) . The significance of this relationship is unaffected by control for number of traumas, years since most recent trauma, and years since worst trauma. This correlation is significant in the 9/11 group (r = -.70, p = .02) and not in the comparison group (r = .38, p > .10).
Accumulated lifetime trauma
In both groups together, regression analysis identified a significant nonlinear relationship between amygdala gray matter volume and number of traumas in lifetime. This relationship took the form of a first-order quadratic, with a negative slope at lower levels of lifetime trauma exposure that reversed at higher levels ( Fig. 4) : β(number of traumas 2 ) = 1.3, p = .03. Thus, gray matter volume was lowest for those with moderately high levels of trauma exposure (i.e., near the quadratic inflection point at 5 lifetime traumas). This quadratic relationship held in the comparison group alone (β[number of traumas 2 ] = 2.45, p = .02), indicating that this effect may be generalizable to a variety of types of trauma. Control for age, sex, prior history of PTSD, or time since worst trauma did not affect the significance of this association.
To examine this relationship further, the data set was split at the inflection point of the quadratic relationship between amygdala gray matter volume and number of traumas in lifetime (n = 24 for 0-5 traumas in lifetime; n = 10 for more than 5 traumas in lifetime). Post hoc analysis of the functional imaging and behavioral data in these higher and lower trauma exposure subgroups revealed that the multimodal imaging data and behavioral data were inversely related within each subgroup (Suppl. Figs. 1 & 2) . In the group with five or fewer traumas, linear regression identified negative slopes in the relationships between amygdala gray matter volume and both state anxiety and current symptoms of PTSD. In the group with more than five traumas in lifetime, the slopes of these relationships were positive (Suppl. Fig. 1) . A similar, but opposite, pattern was seen within the fMRI data for the amygdala. Among those with five or fewer traumas, there were positive slopes in the relationships between BOLD signal change in the left amygdala to fearful versus calm faces and measures of anxiety. The slopes of the relationships between these factors again reversed for those with more than 5 traumas (Suppl. Fig. 2) . Level of lifetime trauma exposure was found to interact with amygdala gray matter volume and amygdala function to predict anxiety in the group as a whole, which provided a measure of the significance of this change in regression slopes at different levels of trauma exposure. Specifically, higher versus lower levels of lifetime trauma exposure significantly interacted with amygdala gray matter volume (β = 21.40, p = .004, with Bonferroni correction for multiple comparisons) and amygdala BOLD signal reactivity to emotional faces (β = -.73, p = .006, corrected) in separate linear regression models with state anxiety as the dependent variable. Interactions were not significant between levels of lifetime trauma exposure and amygdala gray matter volume and BOLD signal reactivity in the prediction of symptoms of PTSD, with correction for multiple comparisons. This may follow from low reporting of symptoms at higher levels of trauma exposure. Overall, this pattern of relationships suggests that there may be qualitative differences in the associations between amygdala volume and functional response to emotional stimuli and behavioral indicators of anxiety at lower versus higher levels of lifetime trauma exposure.
Hippocampus
The area of gray matter decrease that involved much of the left amygdala also extended to include a portion of the left anterior hippocampus. ROI analyses using standardized neuroanatomical masks (Maldjian et al., 2003) of the left hippocampus revealed a small decrease in mean hippocampal volume in the 9/11-exposed group relative to the comparison group: t(33) = 2.19; p = .03. Linear regression analyses showed that gray matter volume in the hippocampus was correlated with gray matter volume in the amygdala, with control for age and sex: β = .57, p < .000. Further analyses indicated that the relationships between hippocampal volume and number of traumas had a similar form to those seen with the amygdala, but they were not significant. It may be that part of the anterior hippocampus has a similar relationship with trauma as the amygdala; however, the ROI used here covered the entire left hippocampus, which may have diluted variation in anterior hippocampus below the threshold for significance in these analyses.
Age
Increasing age was correlated with number of traumas in lifetime in this sample: r = .33, p = . 04. Age showed a nonlinear relationship with amygdala gray matter volume: β(age 2 ) = -3.96, p = .02. Gray matter volume increased with age to approximately age 30 years and began to decrease afterwards. There was also a trend of a similar inverse relationship (minimum at approximately age 30) with amygdala BOLD signal reactivity to emotional faces: β(age 2 ) = 4.09, p = .06. However, control for age (both linear and quadratic terms) did not change the strength of the relationship between number of traumas in lifetime and amygdala gray matter volume nor any of the interactions in the models assessed above. This suggests that number of traumas in lifetime and age have independent effects on amygdala structure and functional response in this sample.
Sex
The above analyses were recomputed including sex. Sex did not make a significant independent contribution to any of these models, nor did its inclusion make a significant difference in the strength of any of the above interactions. This suggests that sex was not a significant factor in these analyses; however the relatively small sample size precludes a definitive conclusion on this point.
Discussion
More than three years after 9/11/01, adults who had greater proximity to the terrorist attacks on the World Trade Center had significantly lower gray matter volume in amygdala, anterior hippocampus, insula, anterior cingulate, and medial prefrontal cortex. The 9/11-exposed group had no areas of significantly increased gray matter relative to the comparison group. All study subjects were free of mental and physical health disorder, so the regional differences in gray matter volumes observed here are not attributable to the presence of clinical disorder. These results provide evidence of structural change in gray matter in healthy adults following psychological trauma.
Examination of the amygdala as a region of interest confirmed the decrease in amygdala gray matter volume in the 9/11-exposed group. In general, these analyses also showed that decreases in amygdala gray matter volume were associated with increased BOLD signal change in the left amygdala in response to fearful versus calm faces. Leftward lateralization is consistent with reports that the left amygdala is more likely to be activated in response to tasks involving the neural processing of negative emotional stimuli (Baas, Aleman, & Kahn, 2004; Wager, Phan, Liberzon Taylor, 2003) that involve detailed evaluation of emotional intensity (Glascher & Adolphs, 2003) . Further analysis of the relationship between amygdala function and structure and lifetime trauma exposure revealed significant differences between those with fewer traumas (≤ 5) throughout their lifetime and those with many traumas (> 5). Overall, the relationship between lifetime trauma exposure and amygdala gray matter volume took the form of a first-order quadratic, such that the slope of this relationship reversed at higher levels of trauma exposure. This held for the comparison group alone, as well as for the sample as a whole.
Analyses of lower and higher lifetime trauma subgroups helped to clarify associations between behavioral measures of anxiety and both the structural and functional imaging data for the amygdala. In the group with five or fewer traumas in their lifetime (70% of the sample), state anxiety increased as amygdala gray matter volume decreased. Among those with more than five traumas, this relationship was reversed; anxiety increased as amygdala gray matter volume increased. This produced a significant interaction between level of lifetime trauma exposure and amygdala gray matter volume in predicting state anxiety. Consistent with the inverse relationship between gray matter volume and amygdala functional reactivity in this sample, we found an interaction between level of trauma exposure and amgydala BOLD signal (fearful versus calm faces) in predicting anxiety that was the inverse of the previous interaction. Among those with five or fewer traumas, anxiety increased with increasing BOLD signal to fearful versus calm faces -however, it decreased with increasing BOLD signal in those with five or more traumas. The relationships between symptoms of PTSD, level of trauma exposure, and amgydala gray matter and response to emotional faces took a similar, although nonsignificant, form. These results require replication with a larger sample of individuals who have more than five traumas in their lifetime. However, they do suggest that there may be qualitative differences among those with higher versus lower levels of trauma exposure in the relationships between behavioral anxiety and amygdala structure and reactivity. These data also provide supporting evidence for a nonlinear trajectory in amygdala stress-related neural plasticity with accumulating trauma exposure.
The use of VBM allowed us to perform a bias-free analysis of gray matter differences across the whole brain. Because VBM allows comparison of the local composition of tissue, it is useful for showing group differences in structure that may be more subtle than traditional volumetric measurement can resolve. VBM analyses are limited by an inability to interpret the nature of the specific microstructural changes that may be measured (e.g., changes in neuropil, neuronal size, dendritic, or axonal arborisation) ). This issue remains unresolved and will require future studies that utilize methods other than MRI. Thus, we are unable to know what specific types of gray matter changes were associated with trauma exposure in this study. VBM analysis also includes possible confounds related to the normalization and segmentation process, which can be especially problematic in comparisons of atypical populations (Bookstein, 2001) . To help address these concerns, we used an "optimized" VBM procedure, set significance levels arbitrarily high, and included only healthy subjects for whom no group differences in global brain shape would be expected. Because VBM analyses may be less sensitive to volume loss in the amygdala than traditional regionof-interest volumetric measurement (Good et al., 2002) , the results reported here may be conservative.
These findings suggest multiple avenues for future research. Most of the brain regions identified here as having lower gray matter volume in the 9/11-exposed group (amygdala, insula, anterior cingulate, and medial prefrontal cortex) have been identified as playing key roles in the evaluation and regulation of emotional stimuli in humans Phan et al., 2002) , suggesting that traumatic experiences may specifically affect the neural processing and regulation of emotion in nonclinical populations. This possibility clearly requires further study. Assessment of participants' prior trauma exposure may be an important inclusion in studies of the neural correlates of emotion processing and regulation, and exploration of possible effects of stress-related neural change on emotion regulation may also help shed light on the emerging neuroscience of emotion-cognition interactions (Ochsner and Phelps, 2007) .
In addition, we report trauma-related decreases in gray matter in many of the same brain regions in which gerontologists report normal age-related gray matter atrophy (Good et al., 2001; Resnick et al., 2003) . The established prevalence of trauma exposure in the general population (Breslau et al., 1998; Kessler et al., 1995) suggests the possibility that some of the gray matter atrophy attributed to aging may instead be due to accumulated lifetime trauma exposure. It would be of interest to delineate the relative contribution of age versus lifetime trauma exposure to the gray matter atrophy seen in older adults. Studies of aging samples have also identified increased BOLD signal change to emotional faces (Wright et al., in press) and decreased amygdala volume (Shiino et al., 2006) in those with mild Alzheimer's disease. In the present study, we found decreased amygdala gray matter volume and increased amygdala functional reactivity to emotional stimuli in subjects with moderately high levels of lifetime trauma exposure (approximately 4 to 6 traumas). It would be of interest to examine whether stressrelated changes in the amygdala represent a vulnerability factor for Alzheimer's disease or conversely, if these differences may be attributable entirely or in part to increased stress that is associated with disease onset.
Amygdala gray matter atrophy, often accompanied by hippocampal volume atrophy, has also been reported in depression (Campbell et al., 2004; Siegle, Konecky, Thase, Carter, 2003; Sheline et al., 1999) , borderline personality disorder (Schmahl et al., 2003) , and anxiety disorder (Milham et al., 2005) . There are also reports of increased amygdala reactivity to emotional stimuli in these populations (Siegle et al., 2003; Schmahl et al., 2003; Thomas et al., 2001) . For example, amygdala hyperactivity in depression (Drevets et al., 1992; appears to be associated initially with amygdala hypertrophy (Frodl et al., 2002) , followed by amygdala atrophy after multiple episodes of major depression (Sheline et al., 1999) . Drawing on animal models of chronic stressor exposure, it has been argued (McEwen, 2003) that chronic hyperexcitability of the amygdala may produce these progressive alterations in amygdala volume over time, possibly through the influence of excitatory amino acids on cell survival and neuronal architecture." In the present study, we find that decreases in amygdala and hippocampal gray matter coupled with increased amygdala reactivity are associated with moderately high levels of lifetime trauma exposure. Because of the relatively high incidence of trauma exposure in the general population (Kessler et al., 1995) , it may be that trauma exposure plays a common explanatory role in some portion of the observed neural differences in the medial temporal lobe in these disorders. Consideration of nonlinearity in these relationships may help to clarify some of the inconsistencies in this literature (Campbell et al., 2004) .
A negative correlation between amygdala gray matter volume and BOLD signal in the amygdala for fearful versus calm faces was identified in the 9/11-exposed group but not in the comparison group. This lack of significance is reported with caution because technical difficulties with the scanner (see Methods) caused BOLD data to be lost for a number of subjects who had good quality data for gray matter volume. This narrowed the range of values for amygdala gray matter volume in the comparison group (note the relative ranges of values for gray matter volume in Figures 3 and 4) . This loss of data affects only the direct comparison of gray matter volume and BOLD data illustrated in Figure 3 . All other analyses reported here employ the full range of gray matter volume data from this sample; within this expanded data set, the effect of anxiety, symptoms, and traumas plotted against amygdala gray matter volume is consistently the inverse of the effect of anxiety, symptoms, and traumas plotted against amygdala BOLD signal (F>C), suggesting an inverse relationship between these two sets of imaging data. Full articulation of this relationship requires replication within a larger sample.
The current analyses control for sex, which may mask real variation in the data. Examination of the relationships between gray matter volume, BOLD signal, and behavioral data within subgroups of males and females was not possible due to the small size of the sample, although we found no significant statistical contribution of sex to the results reported here.
Our findings suggest that trauma exposure plays a causal role in changes to both brain structure and function, even in nonclinical adult populations. These relationships may differ depending on the amount of lifetime trauma exposure a person has experienced. Greater understanding of possible stress-related neural change has the potential to inform a number of disciplines, including the understanding of the alteration in brain function and structure associated with normal aging and a range of mental health disorders, as well current understanding of the socioemotional consequences of stress and trauma exposure. Research is needed to examine whether there is evidence for a similar pattern of neural change with the accumulation of other types of stressor exposure (e.g., poverty, divorce, job loss) and whether these effects are the same or different in children and the elderly. This may, in turn, aid in designing interventions to help keep environmental risk from manifesting as decreased health and well-being across the lifespan.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. More than three years after the terrorist attacks, whole-brain voxel-based morphometry (VBM) shows multiple areas with significantly lower mean gray matter volume in healthy adults who were within a mile and a half of the World Trade Center on 9/11/01 relative to the comparison group, controlling for age, sex, and total gray matter volume. Regions with lower gray matter volume in the 9/11-exposed group included anterior cingulate, medial prefrontal cortex, insula, amygdala, and anterior hippocampus (Table 2 ). Amygdala gray matter volumes in the 9/11-exposed group relative to the comparison group. (a) Voxel-wise analysis of variance showed significantly decreased amygdala gray matter volume in the 911-exposed group relative to the comparison group. (MNI -25, -11, -14; Z = 3.55). (b) Region of interest analysis, controlling for age and sex, showed lower mean gray matter volume in the left amygdala in 9/11-exposed group than in the comparison group. Error bars, s.e.m. Multimodal imaging data for amygdala showing a negative correlation between amygdala gray matter volume and amygdala BOLD signal change to fearful versus calm faces in the whole group (β = -.53, p = .02, with control for age and sex). Open circles indicate comparison group; closed circles indicate 9/11-exposed. The relationship between amygdala gray matter volume and number of traumas in lifetime. This relationship took the form of a first-order quadratic, such that for lower numbers of lifetime traumas amygdala gray matter volume decreased with increased trauma exposure and for high numbers (greater than 5) the relationship reversed. This relationship was evident in the entire group (β(number of traumas 2 ) = 1.3, p = .03) as well as in the comparison group alone (β [number of traumas 2 ] = 2.45, p = .02). The dotted line indicates the inflection point of the quadratic at 5 traumas in a lifetime. Open circles indicate comparison group; closed circles indicate 9/11-exposed. 3.55
